A B S T R A C T The role of serum factors in the intracellular killing of bacteria by monocytes was studied on the basis of an assay independent of phagocytosis. After 3 min of phagocytosis of preopsonized bacteria and removal of noningested bacteria, the monocytes containing bacteria are reincubated for various periods and the number of unkilled bacteria is determined by a microbiological method after lysis of the cells.
A B S T R A C T The role of serum factors in the intracellular killing of bacteria by monocytes was studied on the basis of an assay independent of phagocytosis. After 3 min of phagocytosis of preopsonized bacteria and removal of noningested bacteria, the monocytes containing bacteria are reincubated for various periods and the number of unkilled bacteria is determined by a microbiological method after lysis of the cells.
Evidence that this assay measures the killing of ingested bacteria was provided by scanning electron microscopy, lysostaphin treatment, and the effect on the rate of intracellular killing of inactivated serum lacking specific opsonic activity.
Intracellular killing of Staphylococcus aureus, S. epidermidis, and Escherichia coli by human monocytes does not occur or is low in the absence of serum, and maximal killing is only reached when fresh serum is present; intermediate values are obtained in the presence of heat-inactivated serum. These findings indicate that complement stimulates intracellular killing.
Isolated heterogeneous immunoglobulin (Ig)G, pFc fragments of heterogeneous IgG, and both IgG, and
IgG3 stimulate intracellular killing of S. aureus by monocytes to the same degree as heat-inactivated serum. Sphingomyelinase, which decreases the number of Fc receptors, and neuraminidase, which increases these receptors, respectively, decreased and increased the intracellular killing, whereas anti-monocyte serum completely abolished the stimulation of intracellular killing by inactivated serum. These results prove that interaction of the Fc receptor with the Fc part of IgG is required for the intracellular killing. Inhibition of the activation of complement components via the alternative pathway gave a consider-
INTRODUCTION
The process of phagocytosis of particles by phagocytic cells has two phases: attachment of the particle to the cell membrane, followed by ingestioni of the particle.
Particles opsonized by IgG with or without C3 or imiimunoglobulin (Ig)M together with C3 are recogniizedl by the Fc and C3 receptors on the cell membrane (1-5).
After ingestion, most bacteria species are readily kille(d intracellularly.
The rate of intracellular killing is uisually measure(d at the same time as the rate of phagocytosis in vitro and expressed as the difference between the total initial number of viable intracellular plus extracellular bacteria and the number of viable extracellular plus cellassociated bacteria (6) (7) (8) . This combined assay of phagoeytosis and intracellular killing has the disadvantage that the factors with an iniflueniee on intracellular killing cannot be studied apart from their effect on the phagoeytis process.
In the present study the method genierally usedl to measure the intracellular killing was modified to perm-lit determination of the rate of this process separately 35±8 (mean±+-SD), and the percentage of granulocytes was <2. Viability ofthe susipend(led cells wvas cheekedl in the experimenits by trypan-blue exclusion andl amiiounitedl to >95%. To prevent attachmiient of monocNvtes to the glass surface, all glassware was silicon ize(l.
Micro-organtisms. S. aureus (type 42D), S. epiderm idis (serotype 4), andcl E. coli (054) wvere storedl on agar slanits at 4°C and tranisferredl every 14 l. The micro-organismiis were eultured overnight in N'utrienit Broth No. 2 (Oxoid Ltd., Londoll, Englandcl), harvestedl 1y cenitriftugationi at 1,500 g for 10 min, and wvashed twice with PBS. A stuspenisioni conitaininiig 1(7 bacteria/ml was preparedl in HBSS with 0.1% (wt/vol) gelatini.
Preopson izatiotn of bacteria. Preopson ize(l micro-organiismils vere obtained 1) incuibationi of the suspenisions (5 x 106 bacteria/ml) with 10% (vol/vol) AB serumii for 25 mrin at 370C undler slow rotation (4 rpm) folloxved by cenitrifugationi at 1,500 g for 10 iiiin m nd 2 washinigs in ice-cold gelatiin-HBSS. The bacteria were then suspended in gelatin-HBSS to a conicenltration of 1(7/ml. The presenice of immunoglobul in oIn the surface of the bacteria was checked b) ain imiuinlUtlo- (1,500 g ). This procedure was repeated five times, after which the serum had no opsonic activity for S. aureus (as tested by a phagocvtic assay [10] The purity of the preparations was checked by immunodiffusion according to Ouchterlony (15) and by immunoelectrophoresis performed with anti-human serum, anti-IgG, IgM, anti-IgA serum, anid anti-IgG subclass sera (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam).
Complement-deficient sera and complemnent components. AB serumii was inactivated by incubation at 56°C for 30 min, which resulted in total elimination of the hemolytic activity, a 99% decrease of complement component Cl, 100% of C2, 48.1% of C3, 50.7% of C4, 47.9% of C5, and 100% of factor B activity, as compared with freshly frozen untreated AB serum. The various activities were measured as described below.
A serum deficient in factor D was prepared by gel filtration of 10 ml fresh AB serum on a 2.5 x 95-cm Sephadex G-75 superfine column in 0.01 M veronal-buffered saline containing 0.02 M EDTA (pH 7.5). The protein peak that appeared in the void volume of the column was concentrated by ultrafiltration (UM 10 membranes, Amicon Corp., Lexington, Mass.) to its original volume and reconstituted with Ca2+ and Mg2+ by dialysis against 0.01 M veronal-buffered saline containing calcium and magnesium. The. absence of factor D activity in this preparation was tested by its capacity to sustain lysis of rabbit erythrocytes in the presence of 10 mM EGTA, as described elsewhere (16) .
The methods used to prepare isolated complement component C3 and factors B and D have been described elsewhere (17) (18) (19) . The purity of these preparations was assessed by alkaline dlisc electrophoresis in which each factor shows a single stained banid correspondinig to the position from which the functionally active protein was eluted from a replicate unstained gel. The protein concentrations of the factor B and C3 preparations were determined by the single radial immunodiffusion method, and that of the factor D preparation according to Lowry et al. (20) with human serum albumin as the reference standard. A preparation of guinea pig Cl (21) and a human C2 preparation (22) were made as described elsewhere, and the purity was assessed by functional tests (21, 22) .
Anti-monocyte serum. A serum against monocytes was prepared by Dr. Brutel de la Riviere (Binnengasthuis, Amsterdam) by immunization of rabbits with monocytes from a patient with chronic monocytic leukemia, and adsorbed with platelets, erythrocytes, granulocytes, and lymphocytes as described elsewhere (23) .
Receptors. The presence of Fc and C3 receptors on the monocytes was investigated with IgG-coated sheep erythrocytes and IgM-and complement-coated sheep erythrocytes as described elsewhere (24) .
Scanning electron microscopy. Scanning electron microscopy was used to investigate monocytes after ingestion of S. aureus (bacteria:mllonocyte ratios of 1:1 an(l 10:1) for 3 min at 37°C. The monocytes were washed as de.scribed for the intracellular killing assay, sedimented at I g on silver grids fixed in 1.5% (vol/vol) glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at 0-4°C, and dehydrated in graded solutions of ethanol. The samples were then critical point dried at room temperature and coated with a thin layer of gold (25) . In each preparation at least 50 monocytes were examined.
Calculations 
RESULTS
Number of viable cell-associated bacteria after ingestion. During the ingestion of preopsonized microorganisms by monocytes in medium without serum, the number of viable cell-associated bacteria increased rapidly during the first 5 min and then leveled off (S. aureus) or decreased (S. epidermidis and E. coli) (Fig. 1) . Preopsonized bacteria ingested in the presence of 10% AB serum showed the same initial increase in the number of viable cell-associated S. aureus and epidermidis, but after the first 5 min the number of viable cell-associated bacteria decreased; the number of viable intracellular E. coli decreased from the start of the experiment onward (Fig. 1) . These results indicate that intracellular killing is higher in the presence than in the absence of serum in the medium.
When preopsonized bacteria were phagocytosed in the presence of 1 mg phenylbutazone/ml, which has no effect on the rate of phagocytosis (26) (Unpublished results) but inhibits the intracellular killing by granulocytes and monocytes (26, 27) , the number of viable cell-associated bacteria continued to increase (Fig. 1) .
These results show that within 5 min of phagocytosis of bacteria at a bacteria:monocyte ratio of 1: 1, the maximal number of viable cell-associated bacteria is reached. To obtain information on the number of bacteria killed within this initial 5-min period, the number of micro-organisms phagocytosed was determined. (Table I) was not complete. In view of these findings, subsequent studies on intracellular killing were done with monocytes that had ingested preopsonized bacteria for only 3 min. Demonstration of the absence of extracellular bacteria during the killing assay. To find out whether all bacteria included in the determinations were intracellular or some were still attached to the monocytes extracellularly at the beginning of the killing assay, several control experiments were carried out. For practical reasons, these were only performed with S. aureus.
To make certain that two washings of the monocytes are sufficient to remove the extracellular bacteria, a third washing was performed and the number of bacteria in the washing fluid was determined. After phagocytosis of preopsonized S. aureus at bacteria: monocvte ratios of 1:1 and 10:1, the number of viable bacteria in this washing fluid amounted to only 4.3% (range, 3.0-6.2%) and 5 .6% (range, 3.9-8.3%) of the total number of viable cell-associated bacteria, in the cell pellet, respectively.
When monocytes that had ingested S. aureus at bacteria:monocyte ratios of 1:1 or 10:1 for 3 min were incubated with HBSS for 5 min, the number of viable bacteria determined after lysis of the monocytes amounted to 0.9-1.3 x 106/ml and 7-9 x 106/ml, respectively. When these monocytes that had ingested bacteria (at bacteria:monocyte ratios of 1:1 and 10:1) were incubated in the presence of 10 ug lysostaphin/ ml, either under rotation (4 rpm) or stationary, the numbers of viable bacteria determined after lysis of the (28) (incubation of 5 x 106 S. aureus with 10 ,ug lysostaphin/ml for 5 min at 37°C gave a reduction to 103 bacteria), these results indicate that at the beginning of the killing assay, after phagocytosis with a bacteria: monocyte ratio of 1:1, _ 12% of the bacteria are attached to the surface of the monocytes.
To rule out trapping of bacteria by lymphocytes, cell suspensions comprising >90% lymphocytes obtained from two patients with chronic lymphatic leukemia, were incubated with S. aureus (bacteria:cell ratio of 1:2) for 3 min. After washing, the cell pellets contained 1.0 and 2.5 x 105 bacteria/ml; and after lysostaphin treatment, only 0.5-1.0 x 103 bacteria/ml. These results indicate that after lysostaphin treatment hardly any bacteria are still attached to lymphocytes.
Scanning electron microscopy showed no extracellular bacteria on monocytes in suspensions studied after phagocytosis of S. aureus (bacteria:monocyte ratio of 1:1). Because after 3 min of phagocytosis at a bacteria:monocyte ratio of 1:1 only 26% of the monocytes had phagocytosed bacteria (Table II) , these experiments were also performed with monocytes after ingestion of S. aureus at a bacteria:monocyte ratio of 10:1, which resulted in a mean of 71% monocytes with ingested bacteria (Table II) . The scanning electronmicroscopical picture of monocytes after phagocytosis at a bacteria:monocyte ratio of 10:1 showed that in each of two experiments in which 100 cells were examined, only 3 and 5 cells showed 1, 2, or 3 bacteria attached to the cell surface. In a monocyte suspension that had not been washed after phagocytosis, 30-40% of the cells had -8 bacteria on the surface. After incubation of such an unwashed cell suspension with 10 (Table III) . Incubation of monocytes after phagocytosis of preopsonized micro-organisms at a bacteria: monocyte ratio of 10:1 gave similar results: without seruimi, almost no intracellular killing was observed (15.3±15.7%), whereas with 10% serum, killing amounted to 60.6 ±13.4% at 60 min and 59.5±12.9% at 120 min of incubation (Fig. 3) .
To make certain that this effect was the result of the serum and not to phagocytosis of the remaining attached bacteria, a killing assay was performed after removal ofthese extracellular preopsonized bacteria bv incubation of the monocytes with 10 ,tg lysostaphin/ ml for 5 min. Fig. 3B shows that after such treatment the effect of serum on the intracellular killing was the same as without. Incubation of monocytes with ingested bacteria in the presence of 10% adsorbed serum, which no longer had any opsonic activity, gave the same decrease in the number of viable intracellular bacteria as was obtained by incubation of these cells with inactivated serum (Fig. 2) . Thus, we may conclude that the effect of serum on intracellular killing is not because of phagocytosis of attached preopsonized extracellular bacteria.
When monocytes that had ingested preopsonized bacteria were incubated without serum for 30 or 60 mmin, no killing occurred, but this process started immediately after the addition of 10% serum and to the same degree as when serum was added at time 0 (Fig.  4A ). When intracellular killing by monocytes was allowed to continue for 10 or 30 min in the presence of serum before the cells were washed twice with icecold HBSS and then reincubated in the absence of serum, the intracellular killing ceased completely as soon as the serum was removed (Fig. 4B) . Monocytes containing bacteria were incubated in the presence of serum for 10 min, washed, and then reincubated with- (Table IV) . Similar results were obtained when preopsonized bacteria were incubated with 10% serum (Table IV) .
Effect of serum on the intracellular killing of S. epidermidis and E. coli. To find out whether the effect of serum on the intracellular killing observed for S. aureus is a more general phenomenon, other microorganisms were studied. Fig. 5 shows the decrease in the number of viable intracellular bacteria when monocytes with other preopsonized bacteria species ingested during 3 min of phagocytosis at bacteria:monocyte ratios of 1:1 and 10:1 were incubated in the presence or absence of serum. When serum was present the intracellular killing of S. epidermidis and E. coli was more rapid than without serum, as was also found for S. aureus. As (Table V) . The effect of pFc fragments of heterogeneous IgG, which had been demonstrated to lack opsonic activity for S. aureus, on intracellular killing proved to be similar to that of IgG (P > 0.1) ( Table V) . Incubation of monocytes containing bacteria with (Fab')2 fragments of IgG gave no decrease in the number of viable intracellular bacteria (Table V) . During incubation of similar monocytes in the presence of the subclasses IgG1, IgG2, IgG3, or IgG4, lacking opsonic activity for S. aureus, a decrease in the number of viable intracellular bacteria was only seen for IgGC and IgG3 compared with incubation without serum (P < 0.01) ( Table V) .
If monocytes were incubated after phagocytosis with a bacteria:monocyte ratio of 10:1 instead of 1:1, similar results were obtained (Table VI) . Almost no killing occurred in the presence of IgM or (Fab')2 fragments of IgG (P > 0.1 compared with incubation without serum), and a suboptimal killing comparable to that obtained with inactivated serum was found with IgG (500 ,ug/ml) or pFc fragments (100 jug/ml) (P > 0.1).
Incubation of these monocytes with IgG subclasses showed that intracellular killing only occurred in the presence of IgGC and IgG3 (for both P < 0.01 compared with incubation without serum); the killing index found in the presence of IgG2 and IgG4 did not differ significantly from the index without serum (P > 0.1). These results indicate that IgG stimulates intracellular killing via an interaction of its Fc fragment and the corresponding receptors for IgGC and IgG3 on the monocyte membrane.
Effect of complement inactivation on intracellular killing. To investigate the effect of complement on intracellular killing, monocytes with ingested bacteria were incubated in a medium containing heat-inactivated serum in various concentrations. The results (Table  VII) show that the intracellular killing of S. aureus was significantly lower (P <0.01) than with normal fresh serum. The presence of 2.5% or more heat-inactivated serum in the medium gave a killing index similar to that found with the IgG preparation (Table V) . For S. epidermidis and E. coli, too, the intracellular killing was significantly lower (P < 0.05) in the presence of heat-inactivated serum than with normal fresh serum (Fig. 5) .
When the killing assay was performed in the presence of fresh serumn containing 10 mM EDTA, which blocks both the classical and the alternative complement pathways, the decrease in the number of viable intracellular bacteria was only 40% at 60 mim and 67.3% at 120 min (Table VII) . The latter value must be viewed in light of the decrease in the number of viable bacteria during the 2nd h of incubation (P < 0.05) (Table IV) found in control experiments with preopsonized bacteria incubated in the presenice of serum ImIM MgCl2 to the medium containing 10% serum. Under these conditions intracellular killing did not differ significantly from that in the presence of normal serum (P > 0.1) ( Table VII) . The control experiment, in which preopsonized bacteria were incubated in medium containing EGTA, showed no redluction in the viability of the micro-organisms (P > 0.1) (Table IV) .
In factor D-deficient serum, the alterniative coImlplement pathway is impaired. An intrctcellular killing assay performed with such serum gave a killing index of only 19 .0% at 60 min (Table VII) ; with 10%, heatinactivated, factor D-deficient serum, the index was 16.3% at 60 min.
Thus, it is clear that when only the classical complement pathway has been blocked the intracellular killing is roughly similar to that in the presence of 10% serum, but the killing index is greatly diminished when both pathways or only the alternative pathway are blocked. It miav therefore be concluded that it is mainly factors belonging to the alternative complement pathway that affect the intracellular killing of bacteria.
Effect of various complernent factors on1 in1tracel-lular killing. Heat-inactivated serunm (which is totally heat-iniactivated serulm alonie (Table VIII) . However, when factor B was added to heat-inactivated serum or to incactivate(l serum supplemenited with factors Cl, C2, and C3, the rate of intracellular killing was significantlx higher (P < 0.02) than in the presence of heatinactivated serumil alonie and not much different (P > 0.05) from that obtained with normal serum (Table  VIII) Effect of enzymatic alteration of membrane receptor activity on intracellular killing. Incubation of monocytes with 1 mg/ml trypsin or pronase for 20 min at 37°C after the ingestion of preopsonized S. aureus (after which the trypsin activity was inhibited by adding 2 mg/ml trypsin inhibitor) gave a decrease in the number of monocytes with complement receptors (P < 0.002) and in the mean number of erythrocytes per rosette (Table IX) , whereas Fc-receptor activity remained unimpaired (P > 0.1). Incubation of these enzyme-treated monocytes with 10% fresh normal serum showed a decrease of the killing index as compared with untreated cells (P < 0.002) (Table IX) , whereas the intracellular killing in the presence of 10% inactivated serum was similar to that of untreated cells (P > 0.1). These results indicate that a decrease in the number of C3 receptors leads to a decrease in intracellular killing.
Incubation of monocytes with ingested bacteria with 6 x 103 U/ml sphingomyelinase C for 30 min at 37°C gave a slight decrease (11.7%) in the C3-receptor activity, whereas the Fc-receptor activity decreased by 24%. Incubation of these cells with 10% fresh or inactivated serum resulted in a slight decrease in the killing index as compared to untreated cells (Table IX) .
Incubation of monocytes with ingested bacteria with 50 U/ml neuraminidase for 30 min at 37°C gave an increase in the mean number of Fc receptors per cell, as indicated by the increase in the mean number of erythrocytes per monocyte (Table IX) ; no significant difference in the number of complement receptors was found (P > 0.1). Incubation with 10% fresh or heatinactivated serum resulted in a killing index slightly but not significantly higher than that ofuntreated monocytes (Table IX) .
From these experiments it may be concluded that normal functioning of Fc and C3b receptors in the cell membrane is obligatory for the intracellular killing process.
Effect of anti-monocyte serum on intracellular killing. Incubation of monocytes with anti-monocyte serum leads to binding of antibody to the cell membrane, as shown by immunofluorescence staining (29) and a cytotoxicity assay (23) . Because treatment of monocytes with anti-monocyte serum for 20 min at room temperature followed by incubation with fresh serum causes cell lysis, our killing experiments were performed with inactivated serum supplemented with factor B, which leads to generation of C3b.
Incubation of monocytes with ingested bacteria first with anti-monocyte serum for 30 min at room temperature and then with 10% inactivated AB serum with or 1" ni, Number of experimiienits.
780
Leijh, van den Barselaar, van Zwet, Daha, and van Furth without factor B for 1 h at 37°C did not lead to stimulation of intracellular killing (Table X) . The killing index of these monocytes in the presence of HBSS was higher than normally found during incubation without serum (Table X) , possibly because of a slight stimulation by the anti-monocyte serum; however, this effect was not found for monocytes treated with normal rabbit serum. In control experiments in which monocytes were first incubated with inactivated rabbit serum and then reincubated with 10% inactivated AB serum with or without factor B, the intracellular killing was roughly similar to that found for monocytes pretreated with HBSS (Table X) . From these findings it may be concluded that antimonocyte serum reduced the accessibility of the receptors on the cell membrane to IgG and the complement components required for optimal intracellular killing.
DISCUSSION
The main conclusions to be drawn from this study are that intracellular killing by human monocytes does not occur or is extremely low in the absence of serum and that 1)oth IgG and C3b activate this process.
These results could be obtained because an assay method was developed that made it possible to investigate factors influencing intracellular killing apart from their effect on the phagocytosis of preopsonized bacteria. It was necessary, however, to demonstrate that the intracellular killing assay really measures the killing of bacteria that are intracellular at the beginning of the assay. The additional uptake of any appreciable number of extracellular preopsonized bacteria that are attached to the monocytes and are killed intracellularly during reincubation in the presence of serum had to be excluded. Scanning electron microscopy of suspensions of monocytes with ingested bacteria, performed before the killing assay was started, showed that almost no bacteria were present on the surface of the monocytes. Furthermore, treatment of these monocytes with lysostaphin, which lyses extracellular S. aureus, showed that at time 0 of the killing assay, an average 12% of the bacteria were extracellular and that the rate of intracellular killing of lysostaphin-treated monocytes was similar to that of monocytes not treated with this drug. Furthermore, incubation of monocytes with ingested bacteria in the presence of adsorbed serum, pFc fragments of hetero- The difference between the rates of intracellular killing in the presence of fresh and inactivated serum indicates that complement components are also involved. Inhibition of the classical pathway has little effect on the rate of intracellular killing. However, when the generation of complement components by the alternative pathway was impaired, the rate of intracellular killing was reduced.
In substitution experiments with inactivated serum supplemented with isolated complement factors only those combinations (all including factor B) that led to the generation of C3b by cleavage of C3 via the alternative pathway gave stimulation of the intracellular killing similar to that seen with fresh serum. Because monocytes have receptors for C3b in the cell membrane (30), the stimulation probably occurs via these receptors. Treatment with pronase, which strongly decreases the number of C3b receptors (33) , resulted in a marked decrease of the intracellular killing by fresh serum. Furthermore, treatment of monocytes containing ingested bacteria with anti-monocyte serum resulted in a marked decrease in the intracellular killing in the presence of complement. Thus, intracellular killing by human monocytes is also stimulated by the interaction of C3b and its C3b receptors on the monocytes.
Because fresh serum contains native C3 but no C3b, it must be assumed that C3b is generated, conceivably via the alternative pathway, during the incubation of monocytes containing bacteria.
The activation of intracellular killing by serum factors could be demonstrated in the present study after a short period of ingestion of preopsonized bacteria. The measurement of intracellular killing according to the classical method (6) (7) (8) (Fig. 1) . Others have shown that particles opsonized with fresh serum stimulate the production by granulocytes and monocytes of two bactericidal agents, H202 and O2 (37) (38) (39) (40) (41) (42) , and similar results were obtained with serum-treated Sepharose beads (Pharmacia, Inc.) and IgG-coated micropore filters, neither of which can be phagocytozed (38, 39) . However, latex particles without surface-bound IgG or complement also stimulate intracellular metabolism (41) (42) .
An effect of IgG and complement on the release of lysosomal enzymes was also found, because the combination of surface-bound IgG and C3b stimulates the release of lysozyme and f8-glucuronidase by human and rabbit granulocytes (38, 43) . Furthermore, Schorlemmer and Allison (44) described the release of 8-glucuronidase, f8-galactosidase, and N-acetyl-,f-D-glucosaminidase by murine macrophages in the presence of soluble C3b.
All previous studies, except one (44) , made use of IgG and complement components fixed to the surface of particulate material, but the presence study has shown for the first time that in solution both IgG and C3b stimulate intracellular killing via specific receptors on the cell surface. The recognition of this mechanism may have importance for the study of impaired cellular functions in various diseases, because it might mean that such defects are not intrinsic but a result of a serum-factor deficiency or some change in specific receptor functions.
